To characterize the effect of repeated brief intraocular pressure (IOP) elevations and the effect of IOP fluctuation on retinal function. METHODS. The effects of one, two, and four episodes (70 mm Hg, 15 minutes) are compared by defining the time course of functional recovery after insults. The effect of IOP variation is considered by comparing a constant with a varying insult, keeping a common IOP-time integral (one 60-minute vs. two 30-minute vs. four 15-minute insults; 70 mm Hg). IOP elevation is induced by anterior chamber cannulation in anesthetized, dark-adapted rats (n ϭ 5-7 per group). Electroretinograms are recorded every 6 minutes throughout each event. Recovery time course is modeled using a logistic function, and time for 50% recovery is compared by nonparametric bootstrap. RESULTS. Electroretinographic recovery becomes progressively slower with more IOP episodes for bipolar cell and ganglion cell response (P Ͻ 0.05) but not for photoreceptor response (P Ͼ 0.05). With regard to IOP variation, bipolar cell recovery after four 15-minute insults is faster than it is after two 30-minute insults (P Ͻ 0.05), which is faster than after one 60-minute insult (P Ͻ 0.05). Ganglion cell recovery after varying (four 15-minute and two 30-minute) insults is faster than after a constant (one 60-minute) insult (P Ͻ 0.05). This improved recovery with varying IOP challenge is greater for bipolar cell than for ganglion cell responses (P Ͻ 0.05). CONCLUSIONS. Repeated IOP insults lead to cumulative dysfunction in the inner retina. For the conditions used in this study, IOP variation per se is not detrimental but appears to be beneficial. (Invest Ophthalmol Vis Sci. 2008;49:3026 -3034) 
R
etinal neurons can be rapidly compromised by acute elevation of intraocular pressure (IOP). 1, 2 The number of insults is important in determining the neuronal consequences. Neural damage was greater in gerbil [3] [4] [5] and rat 6, 7 brains exposed to repeated ischemia than to a single insult. In isolated rat retina, an ex vivo study 8 has shown that seven pressure insults (50 mm Hg ϫ 1 minute, interval 1 minute) resulted in greater ganglion cell loss than a single episode (50 mm Hg ϫ 1 minute). However, this has yet to be confirmed in the intact eye.
Other attributes of repeated challenge, such as a greater degree of fluctuation, may also promote worse outcomes. In particular, fluctuation in oxygen breathing, 9 -11 blood glucose, 12, 13 intracranial pressure, 14, 15 and IOP 16, 17 are thought to promote greater neurologic deficits. In spite of these epidemiologic findings, no experimental evidence exists to support the theory that the fluctuation component of IOP insults promotes retinal dysfunction. On the contrary, a number of studies show that brief insults can protect tissue for subsequent insults, which is known as ischemic preconditioning. 18, 19 Therefore, the effect of multiple IOP insults may reflect a balance between cumulative dysfunction and preconditioning. Moreover, this balance may not be the same for different retinal cell classes. Evidence for preconditioning has been identified in terms of improved bipolar cell function after repeated IOP insults, 20 whereas benefits for ganglion cells has been limited to anatomic findings. 21, 22 The presence of an anatomic benefit for ganglion cells without functional support is likely to reflect the fact that in vivo ganglion cell function has, to date, been difficult to assess. Alternatively, there may be a real difference, in terms of the balance between detrimental and preconditioning effects of repeated insults, for bipolar and ganglion cells. To resolve this controversy, the effect of multiple insults must be assessed on various retinal cell classes in the same eye.
Given these factors, the aims of this study were to assess the effect of the number of insults on retinal function and to consider the effect of IOP variation by comparing a constant with a varying insult of equivalent IOP-time integral (IOP ϫ duration). Should IOP fluctuation independently compromise cellular integrity, a varying insult would be more detrimental than a sustained one. Alternatively, if preconditioning is dominant, the converse will be true. Finally, we assessed photoreceptor, bipolar, and ganglion cell recovery to establish whether all retinal neurons show similar responses to repeated IOP challenge.
MATERIALS AND METHODS

Animals
All procedures were conducted in accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. Approval was obtained from our departmental Animal Ethics Committee (A05003). Adult Long-Evans rats (age range, 8 -12 weeks; weight range, 200 -300 g) were housed in a 20°C environment (12-hour light/12-hour dark, 50 lux maximum) with food and water freely available.
IOP Challenge
Dark-adapted (Ն12 hours) rats were anesthetized by intramuscular injection of ketamine/xylazine (60:5 mg/kg; Troy Laboratories Pty Ltd., Smithfield, NSW, Australia). Maintenance doses of 50% the original were given at 50-minute intervals. Corneal analgesia and mydriasis was achieved with one drop of proxymetacaine (0.5%; Alcain; Alcon Laboratories, Frenchs Forest, NSW, Australia) and tropicamide (0.5%; Mydriacyl; Alcon Laboratories), respectively. A circulating water heat pad maintained body temperature at 37°C. After electrode placement, the anterior chamber of a randomly selected eye was cannulated using a 30-gauge needle connected through polyethylene tubing (inner diameter, 0.38 mm) to a pressure transducer (Transpac; Abbott Critical Care Systems, Sligo, Ireland), and Hanks balanced salt solution reservoir (JRH Biosciences, Lenexa, KA). IOP was controlled by manipulating the reservoir elevation to precalibrated heights, referenced to an aneroid sphygmomanometer (Livingstone, Rosebery, NSW, Australia). IOP was monitored throughout the experiment (Powerlab 8SP amplifier, Chart software v5.3; ADInstruments, Castle Hill, NSW, Australia). On cannulation, baseline IOP was set to 13 mm Hg, the average for control rats (n ϭ 5) measured manometrically. This is consistent with levels reported in anesthetized rats. 23 All procedures were conducted under dim red light ( max ϭ 600 nm) to minimize light adaptation. One hour of complete darkness was allowed for stabilization and readaptation before IOP elevation and electroretinogram (ERG) recordings.
Throughout this study, IOP was elevated from baseline (13 mm Hg) to 70 mm Hg. First, we investigated the effect of increasing the number of insults by comparing one (n ϭ 6), two (n ϭ 6), and four 15-minute insults (n ϭ 5). Second, we considered the effect of IOP fluctuation by comparing a sustained (one 60-minute insult, n ϭ 6) with a varying IOP elevation (two 30-minute insults, n ϭ 7; and four 15-minute insults, n ϭ 5), keeping a common IOP-time integral (4200 mm Hg/min -1 ). We adopted a fixed interval between insults (30 minutes in total), which was 30 minutes for the two 30-minute insults and 10 minutes for the four 15-minute insults (3 ϫ 10 ϭ 30 minutes). Data for single 15-and 60-minute insults have been reported previously 2 and are reanalyzed with permission from ARVO.
Systolic blood pressure (BP) was monitored before, during, and after IOP elevation, using tail cuff sphygmomanometry (ML125; ADInstruments), which was calibrated against femoral artery cannulation with an accuracy of Ϫ0.2 mm Hg and a precision of Ϯ11.4% (coefficient of variation).
Electroretinography
As previously described, signals were recorded with custom-made silver-chloride electrodes before, during, and immediately after IOP elevation. 2 The active electrode was mounted in the center of the cornea, whereas a ring-shaped scleral inactive electrode was located near the equator of the eye. The ground electrode was a stainless steel (F-E2-30; Grass Telefactor, West Warwick, RI) needle inserted subcu- taneously into the tail. Cornea hydration was maintained with 1.0% carboxymethylcellulose sodium (Celluvisc; Allergan, Irvine, CA).
Stimuli were brief (1 ms) white flashes (Luxeon 5-W LEDs, 5500°K; Calgary, Alberta, Canada) delivered by way of a ganzfeld sphere (Photometric Solutions International, Huntingdale, Victoria, Australia). Luminous energy was calibrated using a photometer (IL1700; International Light Research, Peabody, MA) with a scotopic filter (Z-CIE) in place. After cannulation and readaptation (60 minutes), baseline responses were captured that consisted of a scotopic threshold response (STR) series (30 signals averaged, interstimulus interval 2 seconds, Ϫ4.95 log cd ⅐ s/m 2 ) and a single bright flash response (1.01 cd ⅐ s/m 2 ). During and after IOP insult, an STR followed by a bright flash was recorded every 6 minutes (up to 60 minutes for one 15-minute insult; 90 minutes for two 15-minute insults; 120 minutes for all other insults).
Results from pilot studies showed that a 6-minute interval between the bright and the dim flash was adequate to allow complete STR recovery from the previous bright flash. These luminous energies therefore represent a balance between our desire to saturate the photoreceptor response 24 and to maximize the sampling rate. All signals were amplified (ϫ1000), recorded with bandpass settings of 0.3 to 1000 Hz (Ϫ3 dB), and digitized at 4 kHz.
Electroretinographic Analysis
Photoreceptor Response. The leading edge of the photoreceptor (P3) a-wave can be modeled with a delayed Gaussian, 25 as described in our previous paper. 2 This model returns the maximum saturated amplitude (Rm P3 ; V), which indicates the total number of nonspecific cationic channels closed by light activation, whereas the sensitivity (S; m 2 ⅐ cd Ϫ1 ⅐ s Ϫ3 ) represents the amplification of all phototransduction stages. 26 P3 modeling was achieved by floating Rm P3 and S (with t d fixed to the average of control data, t d ϭ 4.6 ms) and minimizing the sum-of-squares (SS) merit function for data points between t d and the a-wave minimum (or a maximum of 18 ms), using a software module (Excel Solver; Microsoft, Redmond, WA).
ON-Bipolar Cell Response. The postreceptoral P2 response
has been shown to better describe the bipolar cell response than the raw b-wave. 25 The P3 is digitally subtracted from the raw ERG to expose the P2-OP (oscillatory potential) complex, which is then lowpass filtered (47 Hz, Ϫ3 dB) to remove the OPs. The P2 amplitude was measured at a fixed criterion time of 70 ms after the stimulus.
Scotopic Threshold Response. The STR has been shown to contain ganglion cell contributions in rats 27 and is more sensitive to IOP insults than other electroretinographic components. 1,2 As previous described, 1,2 we found that the negative STR component (nSTR) was the most sensitive component to acute IOP elevation (Fig. 1) . Thus, the STR was analyzed by measuring amplitude at a fixed criterion time of 220 ms after stimulus onset.
Statistical Analysis
All ERG parameters were found to be normally distributed (Kolmogorov-Smirnov normality statistic) with equal variance (Barlett test, Prism v4.00; GraphPad Software Inc., San Diego, CA). One-way, repeated measures analysis of variance (RM ANOVA; Prism v4.00) was applied to test the null hypothesis that there was no cumulative effect of repeated IOP insults (␣ ϭ 0.05).
Functional recovery was assessed by recording the ERGs after IOP was returned to baseline (13 mm Hg). To compare recovery among different groups and to account for intergroup variability, ERG amplitudes were normalized (see Figs. 3D, 4D, 6D, 7D ) to the average of the final three recordings. This procedure was based on several factors. First, the recovery of each ERG component always reached a stable level during the final three recordings (P Ͼ 0.05, one-way RM ANOVA). Second, retesting two animals 1 week after four 15-minute insults indicated that full functional recovery was achieved (Fig. 1, bottom   row) . Therefore, the responses at the end of the acute challenge protocol reflected complete recovery within the limits of inter-animal variability.
The time course of amplitude recovery was modeled using a logistic function. 2 The key parameter from this model is the time taken to achieve 50% amplitude (t 0.5 , min). Given the normalization described previously, our model presumes 100% recovery. Parameter optimization was achieved by floating the slope "b" and "t 0.5 " and minimizing the SS merit function using the solver module (Excel Solver; Microsoft). Parameter variability was established using a nonparametric bootstrap. 28 Group data at each time point are randomly sampled with replacement to derive a bootstrap data set.
29 Each bootstrap data set is then modeled with the logistic function, yielding a set of bootstrap parameters. By repeating this process (1000 times), a nonparametric distribution of the parameters provided the 2.5% and 97.5% confidence limits (95% CI). Therefore, t 0.5 for different IOP insults was compared with an ␣ of 0.05.
RESULTS
To avoid confounding the effect of IOP on retinal function with any change in blood pressure (BP), it is important to establish 
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that BP was stable throughout our experiments. The systolic BP (ϮSEM) was sampled before (108 Ϯ 3 mm Hg, n ϭ 20), during (109 Ϯ 8 mm Hg, n ϭ 9) and after (104 Ϯ 4 mm Hg, n ϭ 9) IOP elevation. Consistent with our previous study, 2 systolic BP was not altered over the time course of our experiments (F 2 ϭ 0.17, P ϭ 0.85). Moreover, the interaction term of systolic BP between the IOP treatment groups (constant vs. varying IOP insults) was not statistically significant (F 1,1 ϭ 0.36; P ϭ 0.56, two-way ANOVA). Figure 1 shows representative data for repeated (four 15-minute) IOP insults. Waveforms were serially recorded to a bright ( Fig. 1A; 1 .01 log cd ⅐ s/m 2 ) and a dim ( Fig. 1B; Ϫ4 .95 log cd ⅐ s/m 2 ) flash. Before IOP elevation, response to the bright flash (Fig. 1A, thin traces) showed a typical a-wave trough (P3), followed by the dominant b-wave peak (P2). The STR (Fig. 1B , thin traces) waveform showed characteristic positivity at approximately 110 ms and negativity at approximately 220 ms. Baseline ERGs (thin traces) have been overlaid with waveforms recorded during and after IOP insults (thick traces).
Single versus Multiple Insults
ERG waveforms became progressively attenuated with repeated insults and gradually recovered. In particular, the bwave was reduced during the first insult and was possibly further abolished during the fourth insult. Similarly, the STR was progressively reduced with repeated insults. It is notable that the nSTR was completely suppressed during the first insult. After IOP normalization (example at Fig. 1, third row, 18 minutes), a-wave recovery was faster than b-wave recovery, which in turn was faster than the nSTR. The delayed pSTR implicit time during recovery (Fig. 1B, third row, arrowhead) may arise from one of two possibilities. First, the early recovery of the "positivity" (Fig. 1B, third row) may be mediated by P2 recovery, which has a slower implicit time than pSTR. 30 The fact that the b-wave recovers more rapidly than the STR (right vs. left panels) lends credibility to this prospect. Second, a slower nSTR recovery relative to the pSTR may contribute to a relatively larger positivity and an apparent delay in implicit time. The bottom row of Figure 1 shows that both the bright flash response and the STR have completely recovered 1 week after the four IOP insults. Figure 2 shows mean photoreceptor amplitude (Rm P3 , ϮSEM) over the time course of the one, two, and four 15-minute insults (Figs. 2A-C, respectively) . The effect of repeated insults was considered by comparing Rm P3 during each of the four 15-minute insults (Fig. 2C , filled squares, 9 minutes after onset of each insult). Although Rm P3 declined from Ϫ398 Ϯ 33 V to Ϫ248 Ϯ 56 V during the first and fourth insults, respectively, this trend was not significant (F 3,12 ϭ 1.74; P ϭ 0.21). This negative outcome may reflect variability in our Rm P3 measures. After IOP normalization, Rm P3 recovery was rapid for all insults, with amplitude returning to within the 95% CI of its respective baseline levels immediately (1-2 minutes). This rapid recovery precludes logistic modeling, and a higher sampling rate (greater than every 6 minutes) is needed to reveal P3 recovery dynamics. Therefore, the P3 is not considered further. Figure 3 shows the mean (ϮSEM) P2 amplitude in response to various insults. During each of the four 15-minute insults (Fig. 3C) , P2 amplitude was almost completely abolished. We were unable to find a significant cumulative effect for these consecutive insults (F 3,12 ϭ 1.93; P ϭ 0.18; Fig. 3C, filled  squares) . Therefore, the potential for a cumulative effect was further considered by comparing recovery after the single, two, and four 15-minute insults (Figs. 3A vs. 3B vs. 3C) . The t 0.5 returned from the best fit logistic model (Fig. 3D) is summarized in Figure 3E , along with the bootstrap 95% CI. Although the t 0.5 for a single 15-minute insult (1.8 [95% CI: 0.6, 2.5] min) was not different from that of two 15-minute insults (1.8 [95% CI: 0.4, 3.5] min; P Ͼ 0.05), it was significantly faster than that (Fig. 4C , filled squares, 6-minute recovery) was not significantly different (F 3,12 ϭ 0.54; P ϭ 0.66), because the nSTR reduction was very severe in all cases. Slower nSTR recovery with repeated insults becomes evident when the normalized data are compared (Fig. 4D) . Recovery was significantly slower as the number of insults accumulated, with a gradient in t 0.5 ( Fig. 4E) progressing from 15.1 (95% CI: 13.4, 16.6) for a single insult, 22.9 (95% CI: 20.8, 25.6) for two insults, to 46.4 (95% CI: 38.2, 56.8) minutes (bootstrap P Ͻ 0.05) for four insults. These findings are not surprising given that the total IOP-time integral increases with each additional insult. Therefore, the slower recovery reflects a greater insult integral. Figure 5 compares ERG waveforms during recovery from a single 60-minute and four 15-minute insults. Baseline waveforms (thin traces) are overlaid with those recorded at 1, 12, and 30 minutes after IOP restoration (thick traces). It is clear that function recovered at different rates after varying and constant insults. Specifically, b-wave recovery (Fig. 5A ) was faster after four 15-minute insults than after a single 60-minute insult. The difference is less apparent for nSTR recovery (Fig.  5B) , with only a slightly faster nSTR recovery after four 15-minute versus a single-60 minutes insult (see bottom row). The general impression from the representative waveforms (Fig. 5) is that repeated insults produce faster recovery than a sustained insult. Figure 6A-C shows that P2 amplitude was quickly and completely suppressed during all IOP insults. Differences between insults become apparent when P2 recovery is normalized. Figure 6D shows that the fastest P2 recovery occurs after the four 15-minute insults (squares, solid thin curve) and the slowest after the single 60-minute insult (unfilled circles, gray curve). This is confirmed in Figure 6E , which shows that t 0.5 is significantly faster for the four 15-minute insults (3.3 [95% CI: 1.6, 5.7] min), followed by the two 30-minute insults (8.6 [95% CI: 4.5, 12.1] min), and finally the single 60-minute insult (16.7 [95% CI: 12.9, 17.2] min; P Ͻ 0.05). Figure 7 shows that nSTR amplitude (mean Ϯ SEM) recovers at similar rates after restoration of IOP for the various insults. The amplitudes during recovery were normalized and modeled in Figure 7D . The t 0.5 (Fig. 7E) 
Constant versus Varying Insult
DISCUSSION
Accumulation of Repeated Challenge
This study considers the role that multiple, brief IOP insults can have on retinal neurons. The effect of one, two, and four 15-minute IOP insults on photoreceptor amplitude (Rm P3 ) was not severe enough to differentiate the insults from each other (Fig. 2) . In contrast, the postreceptor components (P2 and nSTR) were better indicators of multiple challenge, consistent Functional recovery after IOP insults becomes slower as the number of insults increases (Figs. 3, 4) . This outcome provides in vivo evidence that repeated IOP challenge temporarily exacerbates neuronal dysfunction with recovery. Anatomic damage has been reported after repeated pressure insult in an ex vivo model. 8 In contrast, Kim et al. 33 did not find any cumulative b-wave dysfunction after three IOP episodes. This negative outcome may arise because the b-wave (P2) shows less cumulative compromise compared with our STR measure. Figure 8A shows that functional recovery becomes further delayed with more insults. However, this effect is less pronounced for the P2 (unfilled) than the nSTR (filled; P Ͻ 0.05). Alternatively, Kim et al. 33 used a longer (1 hour) interval between IOP challenges, which allowed full b-wave recovery before subsequent insults. Our short intervals (10 minutes) provided only partial b-wave recovery before the next challenge (Fig. 3C) . Short intervals may place greater stress on cellular reserves needed for recovery, thereby fostering cumulative dysfunction. Consistent with this possibility, our data for two insults (Fig. 3B) , which had a longer interval and allowed full recovery, showed no cumulative effect (Fig. 3A) .
It is unclear whether the IOP-related dysfunction observed in this study occurred through ischemic or mechanical processes. It is thought that both factors may occur simultaneously at high IOP because studies 34, 35 have shown that blood vessels and axoplasmic flow are compromised by IOP-induced deformation of the lamina cribrosa. According to the ischemic theory, ocular perfusion becomes compromised when IOP reaches a level that disrupts normal retinal blood flow, producing an ischemic challenge. 36 On the other hand, high pressure may act directly on retinal neurons. Stretch-activated channels on ganglion cells have been shown to open in response to mechanical force (e.g., IOP), triggering potassium efflux. 37 Moreover, mechanical stretching of neuronal membranes can activate N-methyl d-aspartate receptors, 38 which, in turn, increases intracellular calcium. Although calcium influx can lead to neuronal apoptosis in longstanding or severe IOP elevation, 39 we did not find any sustained functional loss (Fig. 1, bottom row) . We postulate that exposure to four 15-minute insults is too brief to induce apoptosis. Specifically, any changes in intracellular potassium and calcium may be too low to induce apoptosis but still high enough to dampen cellular excitability and glutamate release. Such a mechanism has been recently described in cultured midbrain dopaminergic neurons after 5 minutes of ischemia. 40 This mechanism will minimize the possibility for glutamate excitotoxicity at the expense of neurotransmission, thus manifesting as a transient functional deficit. Figure 8A demonstrates that neuronal dysfunction accumulates after repeated exposure, which is more evident for ganglion than bipolar cell responses. What is not apparent is whether it is the IOP-time integral or the insult variation that produces this effect. This is considered in Figure 8B , which shows that a prolonged single 60-minute insult is more detrimental than the two 30-minute and four 15-minute insults. This provides evidence that insult variation per se is not detrimental to retinal neurons for the conditions used in our experiment. To our knowledge, this is the first study to separate the effect of variation from the IOP-time integral because we kept total duration and IOP magnitude constant.
Effect of IOP Variation
We found that repeated insults compromised neuronal integrity in an additive manner as the IOP-time integral increased (Fig. 8A) . However, the variation component of the insult was not detrimental (Fig. 8B) . The latter finding contradicts the theory that IOP variation is an independent risk factor for ganglion cell damage. 16, 17, 41 However, caution is needed when comparing our findings with those of clinical studies because our study investigated acute insults at a relatively high IOP.
P2 and nSTR amplitudes recovered more rapidly after the varying (four 15-minute) insult than after the constant (single 60-minutes) challenge, indicating that IOP variation can be beneficial. P2 recovery was faster after four 15-minute insults than after two 30-minute insults even though the total interval between insults was the same (3 ϫ 10 ϭ 30 minutes). This is consistent with data showing that preconditioning is best achieved with brief (5-8 minutes) and sublethal episodes of ischemia. 20 ,42 
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The most interesting outcome of our work was the selective vulnerability and the limited benefit of preconditioning to ganglion cell function. In comparison to bipolar cells, ganglion cell function was affected more by repeated insults ( Fig. 8A ; P Ͻ 0.05), and benefited less from preconditioning ( Fig. 8B ; P Ͻ 0.05).
In summary, this study demonstrates that neuronal dysfunction accumulates with the number of IOP insults. Insult variation per se is not detrimental but produces a capacity for preconditioning that is more evident in bipolar cells than ganglion cell responses. Thus, ganglion cells are likely to be more susceptible to repeated IOP elevation.
